W ith the use of combination antiretroviral therapy (ART), HIV mortality has declined dramatically in the United States. 1 However, treatment outcomes in the clinic setting continue to be substantially worse than those in clinical trials. 2 Treatment failure, whether attributable to virologic failure, stopping ART, or loss to follow-up, has been shown to increase morbidity and mortality. [3] [4] [5] Predictors of treatment outcomes have generally been analyzed using clinical trial data; however, these results may not be applicable to more heterogeneous clinic cohorts. [6] [7] [8] Known predictors of ART failure include poor adherence to medications, prior virologic failure, higher baseline HIV RNA measurement (viral load), lower CD4 cell count, missed visits, and younger age. 2, 9, 10 Of these, adherence to ART has been shown to be one of the most important predictors of virologic success and preventing disease progression. [11] [12] [13] [14] [15] Whether HIV providers' assessments of patient adherence as documented in the electronic health record (EHR) correlate with treatment failure is unknown, however, and others have questioned whether HIV clinicians are able to estimate patient adherence accurately. 13, 16, 17 In contrast to subjects in clinical trials, clinical cohorts are composed of patients on many different regimens with varying ART histories. Most analyses of these cohorts have focused on homogeneous subsets of patients, for example, those starting their first protease inhibitor-containing regimen. 2, [18] [19] [20] [21] [22] [23] Time is typically measured from when the patients start ART rather than over a uniform period. 10, [24] [25] [26] [27] [28] [29] [30] [31] [32] A less common approach, concurrent analyses of entire cohorts, has been useful in describing predictors for AIDS progression. 9 Such results may be generalizable to other clinic populations and could be adapted for disease management interventions. Our objective was to identify predictors of ART treatment failure using a concurrent analysis of EHRs for all patients followed in an urban HIV clinic, with a goal of informing future disease management interventions to improve outcomes.
METHODS

Study Design and Data Source
We conducted a retrospective longitudinal analysis of HIV-infected patients followed in the Massachusetts General Hospital (MGH) HIV Outpatient Clinic. The clinic serves a diverse patient population from the greater Boston metropolitan area. Patients are managed by fellows, residents, or nurse practitioners, all under the supervision of attending physicians, or by attending physicians alone. The clinic also provides primary care for approximately half of the patients. On-site consultative services include: hepatitis C virus (HCV) coinfection, neurology, psychiatry, acupuncture, social work, and case management. Approximately 10% receive some of their care through clinical trials, also offered onsite.
Since 2002, the MGH HIV practice has used a webbased HIV-specific EHR known as Virology OnCall. In addition to the electronic record, paper charts are used to store old records, outside laboratory results, and consultant notes. The EHR contains information on patient demographics, HIV risk behaviors, adherence to ART, medications, and diagnoses, which is entered by providers as part of routine clinical documentation. Chart extractors enter patients' prior HIV problems and ART regimens. MGH laboratory results, billing data, and appointments are regularly downloaded from hospital databases. Validation of the EHR data has been performed by comparing HIV RNA results from the EHR with the primary laboratory database and by comparing medical problem lists with paper records on a subset of patients. RNA results were perfectly matched, and approximately 95% of key HIV diagnoses were correctly recorded in the EHR.
Inclusion Criteria
We used the Virology OnCall database to identify all HIV-infected patients who had at least 2 MGH HIV clinic appointments and at least 2 HIV RNA determinations between January 1, 2003, and December 31, 2004 . Patients who achieved virologic suppression (defined as at least 1 serum HIV RNA measurement #400 copies/mL) on ART during the 2-year interval were included in the analysis. Study entry date was defined as the first HIV RNA measurement #400 copies/mL during the study period. The threshold for virologic suppression of #400 copies/mL was chosen because it is the higher of the lower limits of detection of the 2 assays used by the MGH laboratory (Standard and Ultrasensitive Roche Amplicor Assays, Indianapolis, IN). This study was approved by the Partners Institutional Review Board.
Data extractions using the EHR and paper records were conducted to determine baseline characteristics for each patient at the time of study entry. Because of small numbers of nonwhite patients other than African Americans, race was classified as white or nonwhite. Other baseline characteristics included age at study entry; HIV risk factors (eg, men who have sex with men [MSM], heterosexual, injection drug users [IDUs]); time since HIV diagnosis; baseline ART regimen; time on baseline regimen; baseline and nadir CD4 cell counts; virologic suppression status (#400 copies/mL) as of January 1, 2003 (and for those suppressed, the duration of virologic suppression); time since HIV diagnosis; previously cared for at another HIV clinic (transferred care); maximum and baseline HIV RNA loads; prior virologic failure; HCV antibody status; adherence to appointments in the prior year; and routine laboratory values. ART was characterized by the number of previously prescribed regimens, exposure to specific HIV drug classes, and regimen at study entry. Detailed definitions for baseline characteristics are provided in the Appendix.
Adherence to ART is typically documented by HIV providers in the EHR as part of routine clinical care. Patients' prior adherence to ART was determined by extracting the last 3 clinic notes immediately preceding study entry. When prior assessments of adherence were unavailable (ie, new patients without prior notes), the initial and subsequent clinic notes were used. For the extraction, ''good'' adherence was defined as $85% adherence, missing less than the equivalent of 1 day of ART per week if quantified in the medical record, or use of adjectives such as good, excellent, near-perfect, or perfect. ''Poor'' adherence was defined as ,85% or by use of adjectives such as fair, poor, or partial. Extraction and classification of patient adherence were done before determining virologic outcomes and performing analyses.
Antiretroviral Treatment Outcomes
The primary endpoint, treatment failure, was defined as the first occurrence of any of 3 events: loss to clinic follow-up, virologic failure, or stopping ART for reasons other than provider-sanctioned interruptions. Loss to clinic follow-up was defined as no clinic appointment or HIV RNA measurement for $6 months and no evidence of virologic failure at the last HIV RNA measurement (#400 copies/mL). Deceased patients and those known to have transferred care from the practice were censored at the date of the last visit. Virologic failure was defined as 2 consecutive HIV RNA measurements .400 copies/mL or a single measurement .400 copies/mL before loss to follow-up or unsanctioned stopping of ART. The third criterion for treatment failure, unsanctioned stopping of ART, was defined as discontinuation of ART for .2 weeks, except when approved by the HIV provider in response to high CD4 cell counts, lipodystrophy, 1 or more concomitant serious medical conditions unrelated to ART that required treatment discontinuation (eg, chemotherapy), or participation in a clinical trial.
We also performed a secondary analysis using virologic failure alone as the endpoint. Patients with virologic failure (as defined previously for the primary endpoint) and those who developed virologic failure within 2 weeks of stopping ART were included. A 2-week window was chosen for this analysis, because virologic rebound from stopping ART was thought to be unlikely to occur within this interval and because HIV RNA results were sometimes logged into the database several days after the actual phlebotomy. For this secondary analysis, patients continued to contribute to the analysis until they experienced virologic failure or stopped having HIV RNA measurements. For the latter, patients were censored on the date of their last HIV RNA measurement.
proportional hazards modeling and Kaplan-Meier curves for individual predictors of time to events. The validity of the proportional hazards assumption was verified using log-log plots of the survival function for all potential predictors. A forward stepwise method was used for selecting variables that were significant at the P # 0.10 level in univariate testing, and those with P # 0.10 were retained in the multivariate proportional hazards models. Analyses of maximum likelihood estimates were used to calculate hazard ratios (HRs) and 95% confidence intervals. Differences between adherence groups for time to events were assessed with the log rank test. Finally, 2-way interactions among clinically relevant predictors were examined. All analyses were performed using SAS statistical software (version 8e; SAS Institute, Cary, NC).
RESULTS
Of the 829 HIV-infected patients followed in the HIV clinic, 614 (74.1%) had at least 1 HIV RNA measurement ,400 copies/mL (Fig. 1 ). Among these patients, there were 167 primary endpoints (treatment failure) and 108 secondary endpoints (virologic failure alone) during the 2-year study period. Univariate associations of baseline patient characteristics with endpoints are shown in Table 1 .
Composite Treatment Failure Analysis (Primary Endpoint)
The median follow-up time for the primary analysis was 587 days (IQR: 261-730 days). The association of baseline characteristics with time to treatment failure in univariate Cox proportional hazards modeling is shown in Table 1 . There was a strong association of treatment failure with variables that could be surrogates for ART adherence, including $1 missed clinic visits in the prior year, prior virologic failure, and poor adherence to ART as documented in the medical record. A baseline CD4 cell count ,200 cells/mm 3 , platelet count #200,000 cells/mm 3 , and absolute neutrophil count ,1000 cells/mm 3 were also associated with ART treatment failure. In contrast, a baseline regimen composed of nucleosides and nonnucleosides was the only characteristic associated with a lower risk of treatment failure.
Using stepwise selection, a final multivariate model adjusted for age, race, and gender was developed. Baseline characteristics significant in the multivariate model (Table 2) included poor adherence to antiretrovirals (HR = 3.44; P , 0.0001), absolute neutrophil count ,1000 cells/mm 3 
Virologic Failure Criteria Alone
To compare this study with others, a secondary analysis using only virologic failure criteria was performed. A total of 160 patients experienced at least 1 episode of virologic failure (HIV RNA load .400 copies/mm 3 ) during the 2-year study. Of these, 28 experienced transient viral ''blips,'' single HIV RNA measurements .400 copies/mL followed by a value under this threshold at the next measurement. 8 Twenty-four patients stopped ART more than 2 weeks before losing virologic suppression and were not considered virologic failures. The remaining 108 patients (17.6% of the suppressed cohort) had a repeat HIV RNA measurement .400 copies/mL or were lost to follow-up after their initial failure; these patients were considered to have reached virologic failure. The median follow-up period for this analysis was 623 days (IQR: 292-730 days). With this criterion, patients who stopped ART or were transiently lost to clinic follow-up but later resumed care and then experienced confirmed virologic failure were included as endpoints. Baseline patient characteristics associated with the endpoint of virologic failure were similar to those in the primary analysis, except that ,12 months of virologic suppression, an NRTI-only regimen, and $1 missed visit in the prior year were not significant in the final multivariate model, whereas a positive HCV antibody was (see Table 2 ). The multivariate models for treatment failure and virologic failure seemed to be robust, because different selection criteria resulted in similar results.
Adherence to Antiretrovirals
Fifty-eight patients, 9.4% of the suppressed cohort, were categorized as being poorly adherent to antiretrovirals before or at study entry. Forty of these patients (69%) developed treatment failure during the study follow-up, accounting for 24% of all treatment failures. Patients documented as having poor adherence were significantly more likely (P , 0.0001) to experience failure, as defined by either criteria, than patients with good adherence in the univariate and adjusted multivariate models (Fig. 2) .
DISCUSSION
We analyzed data from the EHR for patients followed in an urban HIV clinic to understand predictors of ART failure. During a 2-year period, slightly more than a quarter of patients failed their ART, 17.6% by virologic criteria alone. The concurrent analysis, observing all suppressed clinic patients over the same time interval, identified 6 to 8 baseline patient characteristics associated with ART treatment failure. These results seemed to be robust, because the predictors were similar using the composite treatment failure endpoint or virologic failure alone as a criterion and included known risk , duration of virologic suppression, prior missed clinic visits, and documentation of prior adherence to ART. This analysis advances knowledge obtained from prior timeadjusted analyses, 2, 33, 34 showing that in a concurrent analysis of a heterogeneous clinical cohort under usual care, a variety of potentially actionable clinical characteristics identify HIVpositive patients at increased risk of treatment failure. Identification of these predictors of treatment failure using the EHR offers the potential to use subsequent disease management interventions to improve outcomes of ART. 35, 36 Similar to other reports, prior virologic failure, a regimen consisting only of NRTIs, and a lower CD4 cell count were significant predictors of ART failure. In this study, however, a lower CD4 cell count at the beginning of the observation period rather than a low nadir CD4 cell count was associated with increased risk of failure over the following 2 years. The duration of suppression was also correlated with risk of failure. The risk was highest in patients who had only recently achieved virologic suppression but continued for the first 12 months of virologic suppression. The ''most recent'' CD4 cell count and duration of virologic suppression have both been reported to be independent predictors for loss of virologic suppression in the EuroSIDA cohort in a time-adjusted multivariate analysis. 30 A novel predictor, absolute neutrophil count ,1000 cells/mm 3 , was also highly significant for both endpoints and may reflect drug toxicity or concomitant illness.
Whether HCV adversely affects HIV treatment outcomes remains controversial. Analyses of large cohorts have failed to show significant responses to ART among HIV/HCVcoinfected patients, 37, 38 whereas others have reported poorer treatment outcomes. [39] [40] [41] [42] In this study, HCV seropositivity was associated with a higher risk for treatment failure, although in the final multivariate model, it was only marginally significant. HCV status was also strongly associated with virologic failure in univariate and multivariate models, suggesting that this should be considered a risk factor for poorer ART outcomes.
One of the notable findings in this study was the highly significant association with failure endpoints and documented patient adherence to ART in the EHR. Although adherence has been demonstrated to be important for clinical cohorts and trial participants, most studies have relied on pill counts, electronic measuring devices, or patient self-reported adherence questionnaires. 2, 13, 18, [43] [44] [45] Without these validated instruments, clinicians have generally been shown to be poor estimators of patient adherence. 13, 16, 17 This study raises the possibility that HIV providers may have become more astute in their assessment of patient adherence over time. This speculation is further supported by the fact that adherence was documented in more than 90% of patient records in the visits just before or at study entry. Patients without a description of their adherence tended to be new patients to the clinic or individuals who had been doing well on the same regimen for an extended period.
Another important predictor of ART failure in these analyses was 1 or more missed clinic visits in the prior year; this could be another surrogate for medication adherence. Lucas et al 2 previously demonstrated that missed clinic visits during the observation period correlated with worse treatment outcomes in a cohort of primarily nonwhite patients. The current study differed in that prior missed visits reflected baseline characteristics. In contrast, in the analysis by Lucas et al, 2 missed visits during the observation period were included. Poor adherence and missed visits may reflect patient characteristics that are relatively stable over time, and therefore amenable to disease management interventions. [46] [47] [48] [49] Several NRTI-only regimens have been shown to have higher failure rates than currently preferred ART regimens, 5, 50 and in this analysis, patients on NRTI-only regimens had nearly twice the risk of treatment failure over the 2-year follow-up period. Rates of failure were also higher for virologic failure but were not significant in the adjusted multivariate proportional hazards model, possibly attributable, in part, to the smaller sample size. It may also be that NRTI-only regimens were selected for patients at higher risk of nonadherence to medications and/or clinic visits, which is included in the composite treatment failure endpoint. Although demographic characteristics have been shown to be important predictors of treatment outcome in other analyses, they were not significant in this study, suggesting that other collinear factors may be responsible for lower treatment success associated with certain demographic groups of patients.
This analysis has several limitations. First, although more reliable than paper charts, EHR data are not as complete and may be less accurate than clinical trial or research databases. Although we did perform partial validation of the data, including confirmation of all treatment failures, it was not feasible to verify all clinical data included in this analysis. Despite this limitation, this study suggests that EHR data collected as part of routine care can be used to identify patients at increased risk of failing their antiretroviral regimens over a 2-year period. Second, HCV antibody positivity demonstrates prior exposure rather than active HCV infection; therefore, the observed association between HCV antibody and virologic failure could reflect collinear patient characteristics rather than increased failure as a result of HCV coinfection. Third, assessing and documenting patient adherence to ART was not standardized; however, this reflects usual clinical practice and was the strongest predictor for both failure analyses. Finally, because this study was limited to a single cohort, these findings should be confirmed in other clinical settings.
In summary, this analysis of a heterogeneous cohort of HIV-infected patients under usual clinical care showed that predictors of ART failure can be identified using data routinely captured in the EHR. Analyzing cohorts concurrently using EHR data rather than time-adjusted approaches seems to be robust to various definitions of treatment failure and lends itself more readily to population management, prospective monitoring, and targeted treatment interventions. Such interventions might include physician computer alerts and adherence interventions. 35, 36 Contrary to previous reports, providers' documentation of patients' adherence was a powerful predictor for both failure endpoints. The idea that HIV providers are unable to assess adherence accurately may no longer be true, although standardized adherence assessment may be even more useful. Other important baseline predictors of ART failure in this study included missed clinic visits in the prior year, a low absolute neutrophil count, and a low CD4 count. The approach we took in this study offers the potential for riskstratifying entire clinical cohorts using routine care data in the EHR and then selecting high-risk patients for targeted disease management interventions to improve outcomes of ART.
